ABSTRACT: We examined the seasonal trends of mean and extreme temperatures in Hong Kong using data from 1885−2010. The analysis revealed that the daily maximum temperature (T Max ), daily mean temperature (T Mean ), and daily minimum temperature (T Min ) of Hong Kong had a significant long-term increasing trend in all 4 seasons and that the warming trend was more prominent in winter and spring. The relatively higher rate of increase in temperatures in winter and spring could be attributed to local urbanization effects and the weakening of the East Asian winter monsoon in the last few decades. For extreme indices, we observed a significant increase in the hot indices (TN90p and TX90p) and a significant decrease in the cold indices (TX10p and TN10p) in all seasons. The seasonal variations in the heating and cooling degree-days (HDD and CDD) also indicated that CDD in spring, summer, and autumn had a significant increasing trend, while HDD in spring, autumn and winter had a decreasing trend. Analysis of the hot and cool periods in Hong Kong showed a significant decreasing (increasing) trend in the number of cool (hot) days. Also, the cool (hot) period has become shorter (longer) over the last century. 
INTRODUCTION
Climate change is one of the major challenges facing humans in the 21st century and has become an important topic globally in recent years. Since the 18th century, rapid development of economic and industrial activities has led to increased use of energy and resources. The rise in anthropogenic greenhouse gas concentrations in the atmosphere, particularly due to the burning of fossil fuels, enhances the greenhouse effect and alters the Earth's energy balance (Hansen et al. 1981 , Zwiers & Weaver 2000 , Solomon et al. 2009 , Lacis et al. 2010 , contributing to global climate change. One of the key signals of climate change is the increase in global mean surface temperature. The 20th century has seen a significant longterm increasing trend in the global mean surface temperature, with a rise of about 0. 74°C from 1906 74°C from to 2005 74°C from (IPCC 2007a . The warming has con tinued into the first decade of the 21st century. According to the World Meteorological Organization (WMO), 2010 ranked with 1998 and 2005 as the warmest year on record since the 1880s, and the decade 2001−2010 was also the warmest decade on record (WMO 2011a) . In 2007, the Fourth Assessment Report of the United Nations Intergovernmental Panel on Climate Change (IPCC) concluded that warming of the climate system is unequivocal, and most of the observed increase in globally averaged temperatures since the mid-20th century is very likely, i.e. more than 90% certain, due to the ob served increase in man-made greenhouse gas concentrations (IPCC 2007a) . The shifting of the mean temperature could also cause changes in the frequency of occurrence of extreme temperature events (such as heatwaves and cold spells) in some regions (Houghton 2009 , WMO 2011b , leading to significant socio-economic impacts (Frich et al. 2002 , IPCC 2007b , WMO 2009 ).
In addition to anthropogenic greenhouse gases, other first-order human climate forcing (such as aero -sols, land use changes, urbanization) may also have significant effects on the Earth's climate (Ren et al. 2008 , Pielke et al. 2009 , Stott et al. 2010 , Jones et al. 2011 . These forcings are spatially heterogeneous and may have temporal/seasonal variations. Together with local/regional topography and climatic systems (e.g. monsoons), they can bring about regional and seasonal variations in the trends of climate change.
In China, climate change has been studied intensively over the last 2 decades. A number of studies have been carried out to establish a homogeneous temperature record in order to assess the long-term temperature variations in China over the last 100 yr (Wang et al. 2004 , Zhai et al. 2004 , Ding et al. 2007 , Li & Yan 2009 , Tang et al. 2010 ). Similar to the global trend, the country-averaged annual mean surface temperature in China has increased significantly in the 20th century, with a trend of 0.08°C decade For seasonal patterns, all 4 seasons show a warming trend over most parts of China, the warming being more profound in winter, especially for northern China (Ding et al. 2007 , Li & Yan 2009 , Wei & Feng 2009 .
Urbanization, including land use changes, dense building developments, heat emissions, and human activities, has a great impact on local climate. One of the best-known effects of urbanization is the urban heat island (UHI) effect. He et al. (2007) studied the temperature trends of urban and non-urban stations between 1991 and 2000 and concluded that the UHI due to changes in land use is significant at urban stations. Li et al. (2004) analyzed homogenized annual mean surface air temperature data from 1954−2002 in China and found that at most stations located in a city with a population over 100 000, the temperature series were inevitably affected by the UHI effect. In heavily populated regions, like the Yangtze River Valley and South China, UHIs have a significant impact on temperature compared to other regions over China. Zhou et al. (2004) and Dou & Zhao (2011) also concluded that UHIs contribute significantly to increasing temperature over South China. Ren et al. (2007) studied urbanization-induced warming for Beijing and Wuhan from 1961 and 1981 respectively. The warming due to urbanization was significant and accounted for > 40% in both cities. In southern China, recent studies have also revealed a long-term increase in the annual mean temperature trend in the region under the effects of global warming and urbanization (Leung et al. 2004 , Lee et al. 2006 , Guangdong Provincial Meteorological Bureau 2007 , Fong et al. 2010 , Ginn et al. 2010 , Dou & Zhao 2011 .
The Hong Kong Observatory has been conducting meteorological observations in Hong Kong for over 120 years. The meteorological data collected over the years serve as an important basis for monitoring climate change in Hong Kong. Analysis of the annual mean temperature in the region has shown a longterm increasing trend under the effect of global warming and local urbanization (Lee et al. 2006 , Ginn et al. 2010 . For extreme temperature events, re cent studies revealed that the extreme daily minimum and maximum temperatures in Hong Kong exhibited statistically significant long-term rising trends from 1885−2008 (Wong et al. 2010 , Lee et al. 2011 .
Previous studies on the temperature trends of Hong Kong have been based mainly on the annual mean temperatures or extreme values on an annual basis. Therefore, it is meaningful to investigate the seasonal trends in order to provide a better understanding of the characteristics of climate change in Hong Kong from a seasonal perspective. In this study, variations in the maximum, mean, and minimum temperatures as well as a set of extreme temperature indices in Hong Kong from 1885−2010 were analyzed to identify tendencies in different months and seasons. We also examined changes in the length of hot and cool durations in Hong Kong.
METHODS

Meteorological observations
Apart from a break during World War II from 1940−1946, the Hong Kong Observatory has been conducting temperature measurements continuously at its headquarters (HKOHq) located in an urban area since 1885. In this study, we used the daily and monthly mean temperatures at HKOHq from 1885− 2010. Metadata of the temperature measurement at HKOHq is documented in relevant HKO publications (Lee et al. 2006 , Hong Kong Observatory 2011 . The mean temperature data of Macao from 1951 Macao from −2002 were also used in this study to assess the urbanization effect in Hong Kong. The homogeneity of Macao temperature was examined by Fong et al. (2010) . They concluded that there is no significant data discontinuity due to the 2 site relocations in 1966 and 1996. Fig. 1 shows the relative locations of Hong Kong and Macao.
To calculate the observed monthly mean air temperature at the 850 hPa level in Hong Kong, we used daily 00 and 12Z upper air sounding data from the King's Park Meteorological Station (located about 1 km from HKOHq) from 1971−2010. For upper level reanalysis data, monthly 850 hPa air temperature grid-point data in the vicinity of Hong Kong (20 to 30°N and 105 to 120°E) from 1971−2010 were retrieved from the U.S. National Centers for Environment Prediction − National Center for Atmospheric Research (NCEP-NCAR) Re-analysis 1 data (Kalnay et al. 1996) . Unless otherwise stated, the observed temperatures in Hong Kong refer to the corresponding values at HKOHq in this study. Also, spring refers to the period from March−May (MAM), summer from June− August (JJA), autumn from September− November (SON), and winter from December− February (DJF) (Leung et al. 2004 ).
Extreme temperature indices
In order to rationalize and standardize the expressions for extreme weather events so that individuals, countries, and regions can calculate the related indices in the same way such that their analyses can fit together seamlessly, the Expert Team on Climate Change Detection, Monitoring and Indices (ETC-CDMI) working under the joint WMO Commission for Climatology/World Climate Research Programme Climate Variability and Predictability (CLIVAR) project (Peterson et al. 2001 , Peterson 2005 has developed a suite of indices for the purpose. Four extreme temperature indices, namely TN10p, TX10p, TN90p, and TX90p, were adopted from ETCCDMI (http:// cccma. seos.uvic.ca/ETCCDI/indices.shtml) in this study with appropriate modifications to suit the local climate to illustrate the trend and significance of extreme temperature events. TN10p denotes the percentage of time with daily minimum temperatures lower than the 10th percentile of minimum temperatures calculated for each calendar day (with reference to the period 1971−2000) using a running 5 d window. This is a measure of the percentage of nights with unseasonably low temperature in a year. Similarly, TX10p denotes the percentage of days with unseasonably low temperature. TN90p (TX90p) corresponds to the percentage of nights (days) with unseasonably high temperature in a year. Generally speaking, TN90p and TX90p can be considered as 'hot indices' and TN10p and TX10p as 'cold indices.' Detailed definitions of the indices have been well documented in other publications (Wong et al. 2010 , Lee et al. 2011 and are not repeated here.
Cooling degree-days and heating degree-days
Two climatic indices, namely cooling degree-days (CDD) and heating degree-days (HDD), were adopted in this study to examine how often and to what extent cooling and heating energy consumption will be required during a particular period (Eto 1988 , Lam 1995 , Day & Karayiannis 1999 , Valor et al. 2001 . Monthly CDD and HDD are the monthly totals of the daily differences between daily mean air temperature and the base temperature. The larger the value of CDD (HDD), the more cooling (heating) is required.
Monthly CDD and HDD are calculated based on the following formulas:
(1) (2) where M is the number of days in a month, T i is the daily mean temperature of day i, and T base is the base temperature.
In this study, the base temperatures followed those of the Ministry of Housing and Urban-Rural Development in China (2005) 
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Cool and hot days
To assess the possible changes in the length of hot and cool periods in Hong Kong, 'cool' and 'hot' days for Hong Kong were defined in this study as follows. 'Cool (hot) day' is defined as a day with daily mean temperature ≤18.8°C (≥ 27.7°C), which is the 25th (75th) percentile of daily mean temperature distribution during the climatological reference period 1971−2000.
Linear regression analysis
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Extreme temperature indices and HDD/CDD
The trends of the 4 extreme temperature indices (TX10p, TN10p, TX90p, TN90p) for Hong Kong in the 4 seasons during the period 1885−2010 are summarized in Table 1 . All trends were statistically significant at the 5% level. The hot indices, TN90p (extremely high minimum temperature) and TX90p (extremely high maximum temperature), increased in all seasons, and the increasing trend of TN90p was larger than that of TX90p. On the other hand, the cold indices, TN10p and TX10p, decreased in all seasons, and the decreasing trend of TN10p was larger than that of TX10p. This implies that the frequencies of extremely high minimum and maximum temperature increased, while the frequencies of extremely low minimum and maximum temperature decreased in the study period.
The trends of CDD and HDD for Hong Kong in 4 seasons during the period 1885−2010 are summarized in Table 1 . No CDD in winter (DJF) and no HDD in summer (JJA) were recorded during the study period. The trend of CDD in spring, summer, and autumn was increasing, while the trend of HDD in spring, autumn, and winter was decreasing. All trends were statistically significant at the 5% level except the trend of HDD in autumn. JJA and DJF, respectively, had the highest increasing rate in CDD and the highest decreasing rate in HDD amongst the seasons. These changes in the cooling demand and heating demand align well with the long-term increasing trend of the Hong Kong tem perature during the study period.
Cool and hot periods
The length and persistence of the cool and hot periods in a year are also good indicators for assessing the changing climate. As described in Section 2.4, a 'cool (hot) day' is defined as a day with daily mean temperature ≤18.8°C (≥27.7°C). Since all cool (hot) days occurred between October and May (April and October) during the period from 1885−2010 (see Figs. 5a & 6a) , the cool (hot) period in a year is defined as the time period between the first and last occurrence of the cool (hot) day during October− May in the following year (April−October in the same year). 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 Number of days , while the number of hot days increased at a rate of 3.8 d decade −1 . Ana lysis of the length of the cool (hot) period also showed a statistically significant decreasing (increasing) trend (figures not shown). Also, the ratio be tween the number of cool (hot) days and the total number of days within the cool (hot) period de creased (increased). Both suggest that the cool (hot) period has become shorter (longer) over the last century.
Possible causes of the changes
The HKOHq is located in the heart of urban Kowloon, where city development has been very active over the last few decades. The observed in crease in the temperature recorded at HKOHq can be attributed to global warming caused by an en hanced greenhouse effect and also a local urbanization effect (Leung et al. 2004 , Lee et al. 2006 , Wu et al. 2008 , Ginn et al. 2010 . Urbanization can strongly affect nocturnal temperatures, and its effect on minimum temperature is also more significant than on the maximum temperature (Karl et al. 1993 , Kusaka & Kimura 2004 , Zhou et al. 2004 . Similar studies for other cities in China have also suggested that the urbanization effect has made a discernible contribution to the observed warming trend in the last few decades (Zhou et al. 2004 , Ren et al. 2008 , Dou & Zhao 2011 .
The lack of a rising trend in T Max over the last few decades may firstly be due to the significant increase in cloud amount and decrease in solar radiation in Hong Kong since the 1970s (Ginn et al. 2010) . One potential cause of the increase in cloud amount over Hong Kong could be an increase in the concentration of condensation nuclei in the air that favors the formation of clouds, which is known to be associated with urbanization and human activities in the region. The increased concentration of suspended particulates also further reduces solar radiation reaching the ground, dampening the rise in daytime temperatures (Wild et al. 2007 , Zhang et al. 2009 , Wang et al. 2011 . Secondly, the daytime shading effect by tall buildings near HKOHq could also partly block solar radiation reaching the ground and may affect the daytime temperature profile.
To estimate the contribution of the local urbanization effect to the increase in temperature, the method of comparing the temperature of a rural station to that of an urban station has been widely used (Karl et al. 1988 , Arnfield 2003 , Ren et al. 2008 . Rural stations in Hong Kong with a sufficiently long time series of records for trend studies are lacking. Although the weather station at Waglan Island has a reasonably long data period, this is an offshore island station which is not suitable for UHI studies, as its temperature is modulated by nearby sea surface temperature most of the time (Sakakibara & Owa 2005) . We used Macao, a station located west of the Pearl River Estuary and about 65 km from Hong Kong, as the rural station in this study. According to a recent study by Fong et al. (2010) , the long-term temperature observations at Macao are relatively less affected by the urbanization effect and could be considered a suitable rural station for urbanization studies in southern China. Moreover, the distance between Macao and Hong Kong is well within the recommended distance (30−100 km) for UHI studies as suggested by Karl et al. (1988 1900 1905 1910 1915 1920 1925 1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 Number of days ). The difference in the trends is larger in winter and spring, suggesting more contribution from urbanization in these 2 seasons (Table 2) .
Besides the urban minus rural station approach, another method proposed by Dou & Zhao (2011) was also adopted here to assess the contribution of the urbanization effect to the warming trend of Hong Kong. This approach uses the NCEP reanalysis temperature data and the upper air sounding temperature data at the 850 hPa level to compute the background temperature. Details of the computing method are provided in Appendix 1. Based on this method, the background warming trend near Hong Kong (i.e. without urbanization) from 1971−2010 was about 0.12°C decade (about 42.3%). From a seasonal perspective, this method also shows that the contribution of urbanization to the warming trend was larger in winter and spring (Table 3) . We note that, in summer, the background increasing trend was slightly higher than that of the surface observations. Based on the estimations above using 2 different approaches, the urbanization effect is estimated to have contributed on average about 40 to 50% of the increasing temperature trend in Hong Kong over the last few decades.
Apart from the urbanization effect mentioned above, the relatively higher rate of temperature increase in spring and winter (Table 1 ) may be partly attributed to the weakening of the winter monsoon in East Asia in the last few decades. The strength of the winter monsoon, usually represented by winter monsoon indices, is negatively correlated with the winter air temperature in China , Zhu 2008 . Studies conducted by Xu et al. (2006) and Guo et al. (2010) have shown that the surface winds in China associated with the East Asian winter monsoon have decreased significantly since 1969. As the East Asian monsoon is mainly driven by the differential heating between land and ocean, the weakening of the East Asian winter monsoon winds may be partly associated with global warming, which has caused significant warming over northern China in the second half of the 20th century and has weakened the pressure gradient between the land and the oceans. Such impacts of global warming on the East Asian winter monsoon have also been demonstrated by studies using coupled atmosphere−ocean general circulation models (Hu et al. 2000 , Hori & Ueda 2006 .
CONCLUSION
Our analysis of temperature observations at HKOHq from 1885−2010 has revealed that the T Max , T Mean , and T Min of Hong Kong show significant longterm increasing trends in all 4 seasons and that the warming trend is more prominent in winter and spring. This is in general consistent with the warming trend in southern China and Macao reported in other studies (Guangdong Provincial Meteorological Bureau 2007 , Fong et al. 2010 . For extreme indices, we observed a significant increase in the hot indices (TN90p and TX90p) and a significant decrease in the cold indices (TX10p and TN10p) in all seasons. The seasonal variations of the HDD and CDD also indicate that CDD has a significant increasing trend while HDD has a decreasing trend. , while the number of hot days is increasing significantly at the rate 3.8 d decade −1 . Moreover, the cool (hot) period has become significantly shorter (longer) over the last century.
Since the HKOHq is located at the heart of the urban area, the observed changes in the temperatures over the past century are likely attributable to both global climate change and local urbanization. Our attempt to estimate the contribution of the urbanization effect to the observed warming using 2 different approaches suggests that about 40 to 50% of the warming in the last few decades could be explained by local urbanization and that the proportion is relatively higher in winter and spring. In addition to the urbanization effect, the relatively higher rate of temperature increase in spring and winter could also be partly attributed to the weakening of the winter monsoon in East Asia over the last few decades. 
